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Abstract
© 2020 John Wiley & Sons, Ltd. Rationale: Eicosanoids are short-lived bio-responsive lipids produced
locally from oxidation of polyunsaturated fatty acids (FAs) via a cascade of enzymatic or free radical
reactions. Alterations in the composition and concentration of eicosanoids are indicative of inflammation
responses and there is strong interest in developing analytical methods for the sensitive and selective
detection of these lipids in biological mixtures. Most eicosanoids are hydroxy FAs (HFAs), which present a
particular analytical challenge due to the presence of regioisomers arising from differing locations of
hydroxylation and unsaturation within their structures. Methods: In this study, the recently developed
derivatization reagent 1-(3-(aminomethyl)-4-iodophenyl)pyridin-1-ium (4-I-AMPP+) was applied to a
representative set of HFAs including bioactive eicosanoids. Photodissociation (PD) mass spectra
obtained at 266 nm of 4-I-AMPP+-modified HFAs exhibit abundant product ions arising from photolysis of
the aryl–iodide bond within the derivative with subsequent migration of the radical to the hydroxyl group
promoting fragmentation of the FA chain and facilitating structural assignment. Results: Representative
polyunsaturated HFAs (from the hydroxyeicosatetraenoic acid and hydroxyeicosapentaenoic acid
families) were derivatized with 4-I-AMPP+ and subjected to a reversed-phase liquid chromatography
workflow that afforded chromatographic resolution of isomers in conjunction with structurally diagnostic
PD mass spectra. Conclusions: PD of these complex HFAs was found to be sensitive to the locations of
hydroxyl groups and carbon–carbon double bonds, which are structural properties strongly associated
with the biosynthetic origins of these lipid mediators.
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Highlights
1) Derivatization of hydroxy fatty acids (HFA) with fixed-charge photolabile reagents
2) Laser photodissociation at 266 nm (PD266) yields structurally diagnostic mass spectra
3) PD266 product ions locate site(s) of hydroxylation and unsaturation in eicosanoids
4) Integration of PD266 with liquid chromatography affords isomer discrimination

Abstract
RATIONALE: Eicosanoids are short-lived bio-responsive lipids produced locally from
oxidation of polyunsaturated fatty acids (FAs) via a cascade of enzymatic or free radical
reactions. Alterations in the composition and concentration of eicosanoids are indicative of
inflammation responses and there is strong interest in developing analytical methods for the
sensitive and selective detection of these lipids in biological mixtures. Most eicosanoids are
hydroxy FAs (HFAs), which present a particular analytical challenge due to the presence of
regioisomers arising from differing locations of hydroxylation and unsaturation within their
structures.
METHODS: In this study, the recently developed derivatization reagent 1-(3(aminomethyl)-4-iodophenyl)pyridin-1-ium (4-I-AMPP+) was applied to a representative set
of HFAs including bioactive eicosanoids. Photodissociation (PD) mass spectra obtained at 266
nm of 4-I-AMPP+ modified HFAs exhibit abundant product ions arising from photolysis of the
aryl-iodide bond within the derivative with subsequent migration of the radical to the hydroxyl
moiety promoting fragmentation of the FA chain and facilitating structural assignment.
RESULTS: Representative polyunsaturated HFA (from the hydroxy-eicosatetraenoic
acid (HETE) and hydroxy-eicosapentaenoic acid (HEPE) families) were derivatized with 4-I3

AMPP+ and subjected to a reversed-phase liquid chromatography workflow that afforded
chromatographic resolution of isomers in conjunction with structurally diagnostic PD mass
spectra.
CONCLUSIONS: PD of these complex HFAs was found to be sensitive to the locations
of hydroxyl groups and carbon-carbon double bonds, which are structural properties strongly
associated with the biosynthetic origins of these lipid mediators.
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1 Introduction
The term "lipid mediators" is a general descriptor covering a wide variety of bioactive
lipids from across a range of lipid classes and subclasses including eicosanoids,
endocannabinoids, sphingolipids, platelet-activating factors and oxidized lipids.1-3 Among
these, eicosanoids are an important family of lipid mediators that perform multiple roles as
signalling agents in cellular systems. Eicosanoids are produced locally through a cascade of
downstream enzymatic and non-enzymatic peroxidation reactions from w-6 (e.g., arachidonic
acid) and w-3 (e.g., eicosapentaenoic acid) polyunsaturated fatty acids (PUFAs) in response to
4

oxidative stress or extracellular stimuli.4-5 Enzymatic peroxidation occurs with the help of
several specific enzymes by inserting peroxide at a specific location within the unsaturated
fatty acyl chain, for example, cyclooxygenase enzymes are responsible for the biosynthesis of
prostaglandins and hydroxy-eicosatetraenoic acids (HETEs).5-10 Non-enzymatic pathways to
eicosanoids arise from the interactions of reactive oxygen species with PUFAs.11 These diverse
biosynthetic pathways lead to a wide variety of potential structures with the LIPID MAPS
database currently cataloguing 1166 eicosanoids (e.g., leukotrienes, prostaglandins and
lipoxins) and 1126 docosanoids (e.g., maresins, protectins, and resolvins); a related class of
lipid mediators.12 The wide structural heterogeneity of these lipids is largely due to variation
in site(s) and degree of hydroxy substitution, site(s) and degree of unsaturation, different
carbocyclic ring motifs and variable alkyl side chains. These structural variations introduce an
enormous number of possible isomers. For example, a search of a general eicosanoid formula
of C20H34O5 in the LIPID MAPS database returns 90 isomers. In general, lipid mediators are
present at low concentration in biological fluids, however, under disease conditions their
concentrations rapidly spike, making them attractive targets for diagnostic applications. Lipid
mediators are implicated in several disease conditions such as asthma, cancer, cardiovascular
disease and arthritis,2, 7, 13-14 thus sensitive and selective analytical methods are required that
are capable of generating structure-specific information, even for very low abundant HFAs
against a high background of structural lipids.
Liquid chromatography-mass spectrometry (LC-MS) methods are powerful tools for
lipid analysis owing to the wide coverage (i.e., the number of lipids detected from a single run)
and sensitivity compared to traditional methods such as enzymatic immunoassay and
radioimmunoassay, which detect only a single molecule per assay. While gas chromatographymass spectrometry (GC-MS) is an excellent tool for FA analysis in general, structurally
complex HFAs (including eicosanoids) can require multiple derivatizations to increase thermal
5

stability and volatility.15-18 As a result, LC-MS has become the preferred method for eicosanoid
analysis and typically employs negative ion mode electrospray ionization (ESI) with tandem
mass spectrometry (MS/MS) to provide some structure selectivity.19,20-21 In general however,
contemporary mass spectrometers are less sensitive in negative compared to positive ion
mode.22 This is in part due to reduced detector efficiency in amplifying negative ion signals
(e.g., greater gains required on electron multipliers in negative ion mode versus positive ion
mode) but also due to the organic acid additives commonly used in LC mobile phases (to
improve chromatographic resolution) that suppress the ionization of acidic moieties in negative
mode.22-24 In response, derivatization of FAs has been conducted with reagents that facilitate
ionization in positive ion mode and these have been shown to significantly enhance detection
compared to unmodified FAs analysed in negative mode.25-26 These derivatization reagents,
such as dimethylaminoethyl alcohol and dimethylaminoethyl amine, also improved LC
resolution in acidic mobile phases but the MS/MS fragmentation is dominated by the derivative
with little influence from the FA structure. To remedy this, fixed-charged quaternary
ammonium derivatization reagents have been employed to both enhance ionization efficiency
and to induce FA specific fragmentation in LC-MS/MS workflows.22, 27-31 For example, N-(4aminomethylphenyl)pyridinium

(AMPP),

(2-(4-aminophenoxy)ethyl)

(4-

bromophenethyl)dimethyl ammonium (4-APEBA) ions and cholamine have been used to
measure the concentration of eicosanoids in human serum, tissues, and urine.22, 27-31 These
reports demonstrate enhancements of up to 20-fold in the detection sensitivity of eicosanoids
in these media.
Fixed-charge derivatives can facilitate charge-remote fragmentation within a FA upon
collision-induced dissociation (CID). The resulting mass spectra contain product ions arising
from carbon-carbon bond cleavage that can be indicative of FA structure.22, 27-31 While effective
in some instances, the relatively poor efficiency of charge-remote fragmentation in
6

conventional low energy CID (i.e., laboratory-frame collision energies < 100 eV) are a
limitation in some instances. Given this, there is an increasing interest in exploring
photodissociation (PD) as an alternative mode of ion activation for structural elucidation of
biomolecules. The utility of this approach has been explored across the "omics" for the
characterization of peptides, proteins, and carbohydrates. Early application of PD to lipid
analysis employed vacuum ultra-violet with 157 nm light by Devakumar et al. Since then,
several photodissociation and combined PD/CID methods have been explored using 157 nm
(7.9 eV), 193 nm (6.3 eV), 213 nm (5.8 eV) and 266 nm (4.6 eV) wavelengths for structural
elucidation of eicosanoids (e.g., leukotriene C4 isomers), lipopolysaccharide (e.g., lipid A),
sphingomyelins and ceramides, structural lipids (e.g., glycerophospholipids) and lipid building
blocks such as FAs.32-39 The Brodbelt and Reid groups have demonstrated the utility of 193 nm
light for analysis of lipid A and some signalling lipids (e.g., sphingosines and ceramides) while
Blevins et al. applied 213 nm photodissociation for pinpointing the location of cyclopropane
rings in bacterial lipids.34, 39-43 In an alternative photo-activation strategy for locating site(s) of
unsaturation, 254 nm radiation was deployed for photo-tagging of unsaturated FAs with series
of acetylpyridines, while in another embodiment, lipids were reacted with thiyl radicals,
generated by 351 nm laser light, to produce adducts that could be subsequently decomposed to
reveal carbon-carbon double bond locations in intact lipids.44-46 We have previously
demonstrated the combination of 266 nm light with selected photolabile derivatives, can
facilitate differentiation of lipid isomers across a number of lipid classes including
phosphatidylcholines, triacylglycerols and simple fatty acids.35-38, 47 One common feature of
these derivatization reagents has been the photolabile aryl-iodide motif, which has recently
been combined with a fixed-charge pyridinium group to enhance overall detection sensitivity
of fatty acyl lipids.48 The combination of these features in the dual function iodo-
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aminomethylphenylpyridinium (I-AMPP+) derivative suggests it has suitability for eicosanoid
analysis using a combined LC-MS/MS workflow with PD.
Here

we

describe

the

implementation

of

4-I-AMPP+

derivatization

with

photodissociation at 266 nm (PD266) for structural elucidation of the broad class of HFAs,
including selected eicosanoids from the HETE and hydroxy-eicosapentaenoic acid (HEPE)
families. We present a systematic investigation of the photofragmentation behaviour of these
derivatized FAs with a focus on the influence of hydroxyl groups and carbon-carbon double
bonds on photoactivation and dissociation. Integration of the derivatization-photoactivation
strategy with reversed-phase chromatography is demonstrated, suggesting a future role for
online LC-PD workflows in lipid mediator analysis.

2 Methods
2.1 Materials
FA standards were purchased from the vendors indicated and are described using
shorthand notation recommended in the literature.49 Stearic acid (FA 18:0), (R)-12hydroxyoctadecanoic acid (FA 18:0(12OH)), (R)-ricinoleic acid (FA 18:1(9Z,12OH)) and 1hydroxybenzotriazole hydrate (HOBt) were purchased from Sigma-Aldrich Australia. 1 ppm
methanolic solutions of each of 28 HFAs standards, including 5-hydroxyeicosatetraenoic acid
(5-HETE), 12-hydroxyeicosatetraenoic acid (12-HETE), 15-hydroxyeicosatetraenoic acid (15HETE), 5-hydroxy-eicosapentaenoic acid (5-HEPE), 15-hydroxy-eicosapentaenoic acid (15HEPE) standards and four deuterated standards were purchased from Cayman Chemicals
(USA) (see Supporting Information Table S1 for complete list). Oleic acid (FA 18:1(9Z) and
1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC•HCl) were purchased
from Tokyo Chemical Industry, Japan. 4-I-AMPP+ was synthesized in-house as described
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previously.48 Optima grade acetonitrile (ACN), 0.1% formic acid in ACN, methanol (MeOH),
water, 0.1% formic acid in the water, N,N-dimethylformamide (DMF), HPLC grade
dichloromethane (DCM) were purchased from Fisher Scientific, Australia. Analytical reagent
(AR) grade hexanes and methyl tertiary butyl ether (MTBE, HPLC grade) were purchased from
Chem-Supply Australia, Australia.

2.2 Derivatization of fatty acid standards with 4-I-AMPP+
Scheme 1: Derivatization of HFAs with 4-I-AMPP+.

Simple hydroxy FAs and selected lipid mediator standards were derivatized with 4-IAMPP+ by adapting a literature procedure (Scheme 1).48 10 µL of 1 ppm FA (3.12 × 10-11 mol)
solution in CHCl3 or MeOH was evaporated in a 2 mL glass vial (LC-MS Teflon screw cap,
LabTech) by flushing with N2 gas at room temperature. To this residue, 30 µL of ACN:DMF
(4:1) was added followed by 5 mM HOBt (10 µL) in ACN and 1 M EDC•HCl (5 µL) in water
at room temperature. The resulting mixture was vortexed for 30 s before the addition of the 4I-AMPP+ reagent (10 µL of 15 mM solution in 99:1 ACN : water). The resulting reaction
mixture was heated at 65 °C for 1 h before being cooled to room temperature. For LC-MS
analysis the reaction mixture was diluted with MeOH before being loaded onto the column.
For direct-infusion mass spectrometry experiments, an aliquot of the reaction mixture was
diluted with MeOH before being dried under N2 gas. The residue was resuspended in a biphasic
9

system of water (0.4 mL), saturated NH4Cl (50 µL) and MTBE (0.4 mL). The MTBE layer was
removed, and a second MTBE extraction was performed with the combined MTBE extracts
then dried under N2 gas. The crude residue was dissolved in MeOH for analysis.

2.3 Liquid chromatography and mass spectrometry
All direct-infusion ESI mass spectra were acquired on a modified linear ion-trap mass
spectrometer (LTQ XL, Thermo Scientific, San Jose, CA, USA). In these experiments, a
methanolic solution of FAs derivatized with 4-I-AMPP+ (0.1-0.5 µM range) was introduced
into the ESI source via a syringe pump delivering 10 µL min-1. Typical source parameters were:
spray voltage +4.0 kV, capillary temperature 300 °C, tube lens voltage 50 V and capillary
voltage 11 V. Nitrogen served as the sheath (arbitrary flow rate units between 5 and 10),
auxiliary and sweep gases (between 0 and 5 arbitrary flow rate units). For collision-induced
dissociation, ions were mass-selected with a window of 1 Da and a normalized collision energy
(NCE) of 7–15 (arbitrary units) was applied over an activation time of 30 ms. The linear ion
trap was modified to enable PD following the experimental configuration described by Ly and
Julian, and the instrument has previously been tested for lipid structural elucidation by our
group.35-36, 50-51 All PD experiments were conducted using 266 nm radiation (ca. 1 mJ/pulse)
from a Nd:YAG laser (Minilite II, Continuum, Santa Clara CA, USA) introduced at the
posterior port of the ion trap mass spectrometer. Only a single laser pulse (pulse width
approximately 7 ns) irradiated the selected ions per mass spectral cycle. Analytical data were
processed using XcaliburTM 3.0. All mass spectra derived from direct-infusion ESI experiments
represent an average of 25–80 scans.
HPLC experiments were carried out using a Dionex Ultimate 3000 RSLC (Thermo
Scientific, Australia) system fitted with a quaternary pump, temperature-controlled column
compartment, and autosampler controlled by Chromeleon™ 7.2 chromatography data system
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software. LC-MS was carried out by injecting 20 µL of 4-I-AMPP+ FA derivatives (~1 × 10-7
µM in MeOH, without any clean up) onto a C30 reverse-phase column (AcclaimTM, 150 mm
× 2.1 mm, 3.0 µm, Thermo Scientific) maintained at 45 °C. Mobile phase A was 0.1% formic
acid in H2O and mobile phase B was 0.1% formic acid in ACN, supplied at a flow rate of 0.3
mL min-1 (for full details of the chromatographic gradient, see Supporting Information). When
operated in conjunction with LC, the mass spectrometer alternated between acquiring a full
mass spectrum (MS) and PD266 of the precursor ion(s) of interest (MS/MS).

3 Results and Discussion
3.1 Photodissociation of derivatized hydroxy fatty acids
Hydroxyl groups represent a recurring structural motif in the eicosanoids and other lipid
mediators. To explore the photodissociation behaviour of derivatized HFAs, 12hydroxyoctadecanoic acid (FA 18:0(12OH)) and ricinoleic acid (FA 18:1(9Z,12OH)) were
derivatized with the 4-I-AMPP+ reagent. Methanolic solutions of the resulting 4-I-AMPP+
derivatives were infused separately into the ion trap mass spectrometer, producing abundant
precursor ions at m/z 593 (FA 18:0(12OH)-4-I-AMPP+) and m/z 591 (FA 18:1(9Z,12OH)-4-IAMPP+). PD266 of mass selected precursor ions gave rise to the mass spectra shown in Fig. 1.
These PD mass spectra displayed abundant radical cations at m/z 466 and m/z 464,
corresponding to the loss of iodine for the saturated and unsaturated FAs, respectively, along
with numerous other photofragments. The photo-product yield (conversion of precursor into
product ions) of these two derivatized HFAs is ~49% (see Supporting Information, Fig. S1).
This conversion is higher than for analogous FAs, which do not have the hydroxyl-moiety. For
example, we have previously shown that PD266 of 4-I-AMPP+ derivatized FA 18:1(9Z) has a
photo-product yield of just 27% under identical conditions (see Supporting Information, Fig.
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S1 and S2B).48 Unlike previous examples using 4-I-AMPP+, the PD266 mass spectra of HFAs
have a lower relative abundance of the [M - I]•+ radical cation and a greater relative abundance
of lower mass product ions. These observations suggest that much of the [M - I]•+ radical cation
population formed from photoactivation of the derivatized HFAs subsequently undergoes rapid
decomposition through radical-directed dissociation along the fatty acyl chain. For example,
PD266 mass spectra shown in Fig. 1A and 1B reveal a pair of abundant product ions separated
by 29 Da at m/z 381 and 352 for FA 18:0(12OH) and m/z 379 and 350 for FA 18:1(9Z,12OH).
These product ions can be assigned to neutral losses of C7H14O (114 Da) and C6H13• (85 Da),
respectively, and are consistent with prompt hydrogen transfer from the hydroxyl moiety to the
initially formed aryl radical with subsequent a-cleavage as outlined in Scheme 2. This
apparently characteristic and prevalent dissociation pathway could thus be a useful marker for
the location of a hydroxyl group in an unidentified HFA. Interestingly, the abundance of m/z
350 in the PD266 mass spectrum of FA 18:1(9Z,12OH)-4-I-AMPP+ is comparatively greater
than the corresponding m/z 352 product ion of FA 18:0(12OH)-4-I-AMPP+. This is likely due
to resonance stabilization of the radical by the adjacent carbon-carbon double bond in the
former case.
Complementary to the radical-directed dissociation products described above, a number
of the photofragments in the PD266 mass spectra retain the iodine atom within the 4-I-AMPP+,
suggesting alternative photodissociation processes in these derivatives. For example, product
ions at m/z 476 and 477 for FA 18:1(9Z,12OH)-4-I-AMPP+ carry the iodine (Fig. 1B). The
odd-electron product ions at m/z 476 result from a neutral loss of C7H15O• (115 Da) and suggest
direct bond homolysis adjacent to the hydroxyl group (Scheme 2B). The companion evenelectron product ions at m/z 477 are consistent with a neutral loss of C7H14O (114 Da) and
suggest that PD266 drives an electrocyclic rearrangement involving both the hydroxyl group
and the homoallylic carbon-carbon double bond (Scheme 2C). Similar electrocyclic
12

mechanisms have previously been reported in both CID and 157 nm photodissociation of
leukotrienes as well as in CID of HFAs derivatized with AMPP+.32, 52-54 To explore this further,
the CID mass spectrum of FA 18:1(9Z,12OH)-4-I-AMPP+ was acquired and was found to also
exhibit an abundant product ion at m/z 477 (see Supporting Information, Fig. S3D).
Interestingly the complementary odd-electron product ion observed at m/z 476 under PD266 was
absent in the CID spectrum. These data suggest that the electrocyclic rearrangement of FA
18:1(9Z,12OH)-4-I-AMPP+ proposed in Scheme 2C can be activated either photochemically
(i.e., PD266) or thermally (i.e., CID). The important role of the carbon-carbon double bond in
this mechanism is supported by the absence (or significantly diminished abundance) of the
equivalent product ions upon either PD266 or CID of saturated FA 18:0(12OH)-4-I-AMPP+
(Fig. 1A and Supporting Information Fig. S3C). The role of the hydroxyl moiety was further
explored by hydrogen/deuterium exchange. Elimination of unlabelled C7H14O (see Supporting
Information Fig. S4) supports the hypothesis that the exchanged hydroxyl deuterium is retained
on the fatty acid chain through the rearrangement illustrated in Scheme 2C. The initial step in
this scheme depicts hydrogen transfer from hydroxyl moiety to the AMPP+ moiety which is
further supported by the PD mass spectrum of the isotopically-labelled standard 15-HETE-d84-I-AMPP+ (Supporting Information, Fig. S7). The role of the I-AMPP+ as a chromophore to
promote the electrocyclic rearrangement was also investigated by undertaking PD266 of the
underivatized FA 18:1(9Z,12OH) as both [M-H]- and [M+Na]+ ions (see Supporting
Information, Figure S8). In neither case could this dissociation pathway be activated thus
suggesting that the derivative itself still plays a critical role in the photoactivated process. In
summary, these data indicate that the homoallylic alcohol configuration of FA 18:1(9Z,12OH)4-I-AMPP+ is a key structural requirement to activate this unimolecular dissociation channel
in both CID and PD266 activation modes. This suggests that such features could be key
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diagnostics for the identification of this motif in HFAs including eicosanoids where such a
bonding arrangement is common.
In addition to the product ions arising from dissociation of the fatty acyl chain itself, the
PD266 mass spectra shown in Fig. 1A and 1B display abundant product ions at m/z 169 and m/z
183. These ions can be attributed to the derivatization and are, to some extent, independent of
the structure of the FA to which they are appended. A similar product ion at m/z 184 is observed
as the base peak when 4-I-AMPP+ derivatized ions are subjected to CID (see Supporting
Information Fig. S3). This product ion is characteristic of I-AMPP+ derivatized FAs and is
largely independent of the acyl chain structure. CID of FA 18:1(9Z)-4-I-AMPP+ on a highresolution mass spectrometer confirms the elemental composition of this ion to be C12H10NO+
(data not shown). The putative structure of this diagnostic product ion along with a proposed
mechanism is provided as Supporting Information (Scheme S1). Strong transitions to these
product ions suggest that the 4-I-AMPP+ derivative could in the future be employed in LCmultiple reaction monitoring (MRM) strategies using either photo- or collision-activation.

14

Fig. 1: PD mass spectra of 4-I-AMPP+ derivatives of (A) FA 18:0(12OH) and (B) FA
18:1(9Z,12OH), and PD/CID spectra of the corresponding [M - I]•+ radical cations (C) m/z 466
and (D) m/z 464. The PD/CID mass spectra are acquired by activating the radical cation with
NCE = 15. All spectra are an average of 50 scans with normalization limit (NL) indicative of
the absolute ion count for each spectrum.
To further explore the dissociation pathways of the primary photo-product, the [M - I]•+
radical ion was subjected to CID in an MS3 experiment. These PD/CID mass spectra obtained
from FA 18:0(12OH)-4-I-AMPP+ and FA 18:1(9Z,12OH)-4-I-AMPP+ are shown in Fig. 1C
and 1D. For the saturated HFA, two product ions arising from α-scission at the hydroxyl moiety
are clearly observed at m/z 352 and 381, while the spectrum is dominated by the product ion at
m/z 169 attributed to the derivatization reagent itself (Fig. 1C). The introduction of the carboncarbon double bond in FA 18:1(9Z,12OH)-4-I-AMPP+ promotes rich fragmentation along the
fatty acyl chain under PD/CID conditions; presumably due to the activation of the chain toward
radical migration. Product ions arising from dissociation at nearly every carbon-carbon bond
along the chain can be observed with enhancements in the abundance of product ions proximate
15

to the hydroxyl and double bond moieties. Overall the absolute abundance of structurally
diagnostic product ions is higher in PD than in PD/CID spectra (cf. ion counts shown in Fig.
1). This, combined with the shorter duty cycle of the MS2 over the MS3 experiment, suggested
the former to be more compatible with the LC-MS methods described below.
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Scheme 2: Proposed photo-fragmentation mechanisms illustrated for the 4-I-AMPP+
derivative of FA 18:1(9Z,12OH). (A) Initial photodissociation of the aryl-iodide bond is
followed by radical migration via hydrogen atom transfer opening up a number of possible
radical-directed dissociation pathways. Direct PD of the fatty acyl moiety via (B) α-cleavage
at the hydroxyl moiety or (C) electrocyclic rearrangement of the homoallyl alcohol motif.
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3.2 Photodissociation of derivatized eicosanoid isomers
Building on the success of the 4-I-AMPP+ derivatization strategy for model HFAs, we
deployed the same approach for selected eicosanoids from two isomer families. Mixtures of 5, 12- and 15-HETEs, and 5- and 15-HEPE standards were derivatized with 4-I-AMPP+ and
subjected to reversed-phase chromatography coupled with PD266-mass spectrometry. The
extracted ion chromatogram of the m/z 183 photo-product ion obtained from a mixture of three
derivatized HETE standards is shown in Fig. 2A and reveals baseline separation of the three
isomers. The PD266 mass spectra integrated across each chromatographic feature are plotted in
Fig. 2B-D, with each displaying an abundant [M - I]•+ radical cation at m/z 486 arising from
homolysis of the aryl-iodide bond. These spectra of HETE-4-I-AMPP+ derivatives exhibit
PD266 efficiencies ranging from 26 to 37%, which is slightly lower than that observed for the
model HFAs that have efficiencies up to 49% (see Supporting Information Fig. S1). For all
three HETE derivatives, the spectra reveal a number of PD product ions with greater abundance
than the [M - I]•+ product ions, indicative of facile transfer of the radical to the fatty acyl chain
with subsequent radical-directed dissociation. Among these photo-products, 5-, 12-, and 15HETE-4-I-AMPP+ derivatives each produced a pair of abundant product ions spaced by 30 Da,
corresponding to α-cleavage at the hydroxyl moiety (see m/z 283 and 253; m/z 375 and 345
and; m/z 415 and 385 in Fig. 2B, C and D, respectively). These product ions can be explained
by hydrogen-atom transfer from the hydroxyl group to the initially-formed aryl-radical, with
subsequent radical-initiated a-cleavage of the fatty acyl chain on either side of the hydroxyl
group (cf. Scheme 2A). Interestingly, in contrast to the model HFAs discussed above, the
derivatized HETEs preference even-electron product ions, which reflects the greater degree of
unsaturation in the eicosanoids. Importantly however, these ions provide a diagnostic spectral
marker for the location of the hydroxyl moiety within the chain of each lipid.
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All three isomeric HETE derivatives show a common PD266 product ion at m/z 595 that
can be attributed to the loss of water (-18 Da, Fig. 2B-D). The abundance of this product ion is
slightly lower in the case of 12-HETE compared to 5- and 15-HETE derivatives. Interestingly,
water loss competes with homolytic cleavage of the aryl-iodide bond thus indicating a facile
decomposition pathway. The observed water loss may be enhanced by the presence of both the
alcohol functionality and carbon-carbon double bonds in all HETE isomers. Indeed, the model
unsaturated HFA, FA 18:1(9Z,12OH)-4-I-AMPP+, also exhibits an [M - H2O] + product ion (cf.
m/z 573 in Fig. 1B) suggesting this photofragment could serve as a marker for unsaturated and
polyunsaturated HFAs. Of the three HETE isomers, 12-HETE-4-I-AMPP+ is unusual in
generating abundant PD product ions with masses greater than the [M - I]•+ at m/z 486 (i.e., m/z
501 and 502 in Fig. 2C). The equivalent even-electron neutral loss of C8H16 (112 Da) has
previously been reported in the CID spectra of 12-HETE (both derivatized and
underivatized).19,
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This fragmentation has been rationalised in two ways, (i) allylic

rearrangement (see Scheme 3, pathway a) and (ii) oxy-Cope rearrangement followed by
electrocyclic dissociation as outlined in Scheme 3 (pathway c).19, 54-55 While this process
appears to be occurring under PD266, it competes with direct carbon-carbon homolysis adjacent
to the hydroxyl moiety to produce an odd-electron product ion and neutral radical fragment
(Scheme 3, pathway b). Both dissociation channels are facilitated by the allylic and homoallylic
arrangement of carbon-carbon double bonds relative to the hydroxyl group in 12-HETE. As
such, these prompt dissociation processes are diagnostic for this motif among the HETE
isomers.
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Fig. 2: Reversed-phase LC-MS incorporating PD266 for HETE derivatives. (A) Extracted ion
chromatogram for the common PD266 product ion at m/z 183; PD266 mass spectra of 4-IAMPP+derivatives of (B) 5-HETE, (C) 12-HETE and (D) 15-HETE. PD266 mass spectra
represent an average of 6 scans across each of the chromatographic peaks at the retention times
(RT) shown on each spectrum. Normalization limit (NL) is indicative of the absolute ion count
for each spectrum.
20

Scheme 3: Proposed mechanisms for dissociation of 4-I-AMPP+ derivatized 12-HETE.

Given the similarity of some of the PD266 product ions with the previously reported CID
behaviours of these mediators, the CID mass spectra of the 4-I-AMPP+ derivatives of all three
HETE-4-I-AMPP+ derivatives were recorded via direct-infusion (Figure S5). CID mass spectra
of all three derivatives revealed a common product ion at m/z 485 due to the loss of iodine as
HI (-128 Da) in contrast to the loss of atomic iodine yielding [M - I]•+ ions in the corresponding
PD266 mass spectra (Fig. 2). Under CID, secondary dissociation of the even-electron [M - HI]+
ions gave rise to abundant product ions at m/z 184 representing the fixed-charge AMPP+ tag.
Finally, in contrast to the PD266 mass spectra of 4-I-AMPP+ derivatized HETEs, the CID mass
spectra all displayed one abundant product ion resulting from heterolytic bond cleavage
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adjacent to the hydroxyl moiety (i.e., m/z 409, 473 and 513 for 5-, 12- and 15-HETE,
respectively).
Following the examination of HETE isomers, the 4-I-AMPP+ derivatization strategy was
applied to the more structurally complex HEPE isomers. HEPE isomers have five degrees of
unsaturation with one hydroxyl group at different locations along the acyl chain. Commercially
available 5-HEPE and 15-HEPE standards were derivatized with 4-I-AMPP+ reagent and
subjected to reversed-phase chromatography coupled with PD266-mass spectrometry (Fig. 3A).
Like the HETE derivatives, the PD266 mass spectra of two HEPE derivatives showed product
ions with a characteristic 30 Da spacing arising from radical-directed dissociation either side
of the hydroxy substitution (cf. m/z 253 and 283; and m/z 385 and 415 in Fig. 3B and 3C,
respectively). In addition to radical-directed dissociation, both isomers exhibited water loss (at
m/z 593). The 15-HEPE derivative displayed abundant product ions at m/z 541 and 542, which
represent neutral losses of C5H9• (69 Da) and C5H10 (70 Da), respectively. This indicates
homolytic and heterolytic bond cleavages adjacent to the hydroxyl moiety. The
allylic/homoallylic alcohol configuration in 15-HEPE is analogous to 12-HETE and thus the
mechanisms in Scheme 3 can account for these dissociation channels. The product ion at m/z
541 arising from even-electron unimolecular dissociation is similarly observed upon CID of
the 15-HEPE derivative (Supporting Information, Fig. S6) while the odd electron pathway is
significantly suppressed upon collisional-activation.
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Fig. 3: Reversed-phase LC-MS incorporating PD266 of HEPE derivatives. (A) Extracted ion
chromatogram for the common PD266 product ion at m/z 183; PD266 mass spectra of 4-IAMPP+derivatives of (B) 5-HEPE and (C) 15-HEPE. PD266 mass spectra represent an average
of 6 scans across each of the chromatographic peaks. Normalization limit (NL) is indicative of
the absolute ion count for each spectrum.

4 Conclusions
The 4-I-AMPP+ derivatization strategy for structural elucidation of simple and complex
HFAs has been demonstrated. The 4-I-AMPP+ derivatives are compatible with reversed-phase
chromatography and gave rise to structurally informative dissociation products upon activation
by PD266 and conventional CID. Under the influence of 266 nm (4.6 eV) photons, product ions
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arising from 4-I-AMPP+ derivatives of HFAs can be classified into two groups. The first type
of fragmentation is initiated by radical formation at the 4-I-AMPP+ following homolysis of the
aryl-iodide bond. Subsequent propagation of the radical to the chain promotes fragmentation
along the acyl chain with such radical-directed dissociation enhanced adjacent to the hydroxyl
moiety. For example, PD266 mass spectra of simple HFA derivatives showed a distinctive 29 Da
spacing, while complex polyunsaturated HFAs (e.g., HETE and HEPE isomers) displayed a 30
Da spacing ions indicative of the hydroxy position of FA. The second type of fragmentation
observed for 4-I-AMPP+ derivatives of HFAs is best described as direct-photolysis of carboncarbon bonds adjacent to the hydroxyl group that leaves the aryl-iodide motif intact (e.g., the
product ions at m/z 476 and 477 in the PD spectrum of FA 18:1(9Z,12OH)-4-I-AMPP+). This
second classification of fragmentation was unexpected given that the aromatic 4-I-AMPP+
group absorbs strongly at 266 nm and aryl-iodide homolysis is known to be exceptionally fast
at this wavelength (e.g., occurring in femtosecond timescales in the iodobenzene archetype).48,
50, 56

The observation of photofragmentation outcompeting aryl-iodide homolysis leads us to

postulate that either (i) the HFA itself is an effective chromophore at 266 nm and competes
with the 4-I-AMPP+ moiety for absorption and fragmentation or, alternatively, (ii) upon photoexcitation of the 4-I-AMPP+ moiety there are mechanisms, such as resonant energy transfer or
excited-state dynamical processes for rapid energy transfer between the chromophore and the
HFA. If the latter case (ii), it is tempting to speculate that the hydroxyl group itself may be
proximate to the charge-bearing derivatization agent in the three-dimensional structure of the
gas phase ions. Such postulation could be investigated in the future using a combination of
photodissociation action spectroscopy and ion-mobility mass spectrometry.
In addition to their photofragmentation chemistries, the 4-I-AMPP+ derivatives of HFAs
displayed structure-specific interactions within reversed-phase chromatography affording
separation of isomers prior to mass analysis. Furthermore, the derivatized HFA were shown to
24

be compatible with multiple modes of activation with conventional CID also yielding
diagnostic product ion spectra; in much the same way as the canonical AMPP+ derivative.22
The ability of the 4-I-AMPP+ derivatives to access multiple modes of activation suggests the
same derivative could be deployed in workflows for both targeted and discovery-based
lipidomics to identify known HFAs from a complex mixture. For example, one could exploit
the diagnostic nature of PD fragmentation for partial identification of unknown lipid mediators
or, more likely, to discriminate between putative isomers, while quantification could be
performed by classical MRM approaches. Next generation commercial mass spectrometers that
incorporate both CID and PD modalities could be utilised for such workflows although the
compatibility of the 4-I-AMPP+ with the PD-wavelengths currently available on such platforms
(e.g., 213 nm) remains to be explored.
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